DNA methylation patterns store epigenetic information in the vast majority of eukaryotic species. The relatively high costs and technical challenges associated with the detection of DNA methylation however have created a bias in the number of methylation studies towards model organisms. Consequently, it remains challenging to infer kingdom-wide general rules about the functions and evolutionary conservation of DNA methylation. Methylated cytosine is often found in specific CpN dinucleotides, and the frequency distributions of, for instance, CpG observed/expected (CpG o/e) ratios have been used to infer DNA methylation types based on higher mutability of methylated CpG.
called Notos. We tested Notos on all data available in dbEST [8] since this database is 48 one of the most widely used and covers a wide range of species. Notos integrates into 49 Galaxy but is also available as suite of stand-alone scripts, it requires little 50 computational resources, and the analysis is done within minutes. It is thus suitable for 51 the routine first-pass prediction of DNA methylation in many biological settings. 52 
Methods

53
Notos is a kernel density estimation (KDE) based tool. Its implementation is 54 computationally efficient and allows for processing even large data sets on an ordinary 55 personal computer. The analysis carried out by the Notos suite is composed of two 56 steps and corresponds to two separate programs (see Figure 1 for the work flow): First, 57 the preparatory procedure CpGoe.pl calculates the CpG o/e ratios of the sequences 58 provided by a FASTA file. Any CpN o/e can be calculated if supplied as parameter. 59 Secondly, the core procedure KDEanalysis.r, which consists of an R script [45] carrying 60 out two principal parts: data preparation and analysis of the distribution of the CpG 61 o/e ratios using KDE. It is also possible to skip the preparatory procedure and directly 62 provide KDEanalysis.r with CpG o/e ratios -or other data of comparable structure. We 63 describe the two steps in the following. 64 Preparatory Procedure: Data Input 65 The data necessary as input for the core procedures of Notos are CpG o/e ratios in form 66 of a vector. These ratios correspond, in principle, to the number of CpGs observed in a 67 sequence divided by the number of CpGs one would expect to observe in a randomly 68 generated sequence with the same number of cytosine and guanine nucleotides. 69 Literature formulas Several formulae for calculating this ratio have been established in the past years, all deriving some form of normalized CpG content. The presumably most popular versions (see, e.g., [32] and [20] , respectively) are
CpGo/e = #CpG #C · #G · l 2 l − 1 and
CpGo/e = #CpG #C · #G · l,
where l is the length of the sequence, and #C, #G, and #CpG denote the number of C's, G's, and CpG's, respectively observed in the sequence. Alternative formulations were, among other, given by [56] who proposed
CpGo/e = #CpG/l (#G + #C content) 2 3/24 and by [36] with CpGo/e = #CpG (GC content / 2) 2
In their version, the #G + #C content is defined as the total number of C's and G's 70 divided by the total number of nucleotides, and GC content is defined as the total 71 number of C's and G's. 72 Notos The script CpGoe.pl allows the calculation of CpG o/e ratios from a 73 multi-FASTA sequence and uses the formulation of [32] (i.e. the first formula above) by 74 default, the others are optional. Moreover, sequences having less than 200 unambiguous 75 nucleotides are eliminated from the calculation in the default setting, since our test runs 76 indicated that too short sequences led to large amount of zeros or other extreme values. 77
Core Procedure: Data Cleaning and Analysis via KDE
78
The core procedure KDEanalysis.r carries out two steps: first, data preparation, which 79 is mainly necessary to remove data artifacts, and secondly mode detection via KDE.
80
Both steps return the user results in form of CSV files and figures. In addition, they 81 allow overriding the default settings, if this is required by the user. Note, however, that 82 such changes should be carried out with care, since all settings have been calibrated 83 through intensive testing procedures on several hundred species from the dbEST 84 database. In the following paragraphs, we describe these two steps in detail.
85
Data preparation 86
The first step, data preparation, starts by removing all values equal to zero from the 87 input data since these observations correspond to artifacts resulting from too short 88 sequences or sequences that do not present any CpG dinucleotide. Then, extreme and 89 outlying observations are removed, i.e. all values outside the interval 90 [Q25 − kIQR, Q75 + kIQR], where Q25, Q75, and IQR denote the 25% quantile, the 91 75% quantile, and the interquartile range, respectively. In order not to exclude too 92 many observations, the threshold parameter k > 1 takes the smallest integer value 93 ensuring that not more than 1% of the data are removed, whereby k cannot exceed the 94 value five. We determined the value of 1% through testing on a large number of species, 95 and found it to be a good compromise between the need to exclude as many outliers as 96 possible and not changing the distributional properties of a sample in a substantial way. 97 The output of this step consists of a table with various summary statistics in CSV 98 format, and a figure displaying the data before and after this step. Figure 2 corresponds 99 to the output resulting from an arbitrarily selected species, the locust Locusta Then, the kernel density estimatorf h of f is given bŷ
is the so-called kernel function. The kernel function is non-negative, has a 106 mean value equal to zero, and the area under the function equals one, i.e., K(.) satisfies 107 the condition ∞ −∞ K(y)dy = 1. Several families of kernel functions are available, and we 108 considered the most common ones (Gaussian and Epanechnikov) for the implementation 109 of our algorithms. Finally, we selected the probably most common Gaussian kernel 110 function with K(y) = 1 √ 2π e − 1 2 y 2 due to the satisfactory results obtained in practice. In 111 order to determine the value for the smoothing parameter, which is commonly termed 112 bandwidth as well, we investigated different possible approaches, such as 113 cross-validation, Silverman's rule [40] , and Scott's variation of Silverman's rule [37] .
114
Extensive testing on a large variety of species from different data sources suggested that 115 the well-established bandwidth proposed by Scott provides the best results in terms of 116 interpretability. Our bandwidth choice was motivated by the good interpretability of 117 results obtained from testing on various data sources. In particular, it showed a 118 satisfactory stability for species with either a very high or a very low number of 119 observations.
120
Number of modes Subsequently, the number of modes is then determined by 121 counting the number of local maxima of the estimated density, and a probability mass is 122 assigned to each mode. The calculation of this probability mass is straightforward by 123 integrating the density over the interval determined by the next-nearest local minima to 124 the left and right, respectively, of the mode. If no local minimum is present to the left 125 (right), the integration limits are set to minus (plus) infinity. The resulting probability 126 masses for all modes sum up to one, and provide a single value which serves, roughly 127 speaking, for determining the importance of a mode. Last, the obtained results are populations with different methylation types. The rational behind step a) is that very 132 close modes reflect very similar types of methylation and hence probably have no 133 biological significance. The value of 0.2 as minimum CpG o/e distance was empirically 134 determined based on organisms with known mosaic-type methylation and double CpG 135 o/e modes. We believe that relying entirely on confidence intervals is not a valid option 136 for species with very high numbers of observations and as a consequence narrow 137 confidence intervals. The choice of the probability mass threshold of 1% for step b) 138 resulted again from extensive testing on a large number of species. A mode with 1% or 139 less of probability mass lying outside of the core part of the density would most likely 140 result from contamination. An optional feature of the KDE analysis is the estimation of 141 confidence intervals for the position of the modes as well as confidence estimates for the 142 number of modes. This is implemented through case resampling (non-parametric) 143 bootstrap with 1,500 repetitions. Since this part is slightly computationally demanding, 144 the bootstrap is optional and is accelerated by parallel execution via the doParallel corresponding confidence intervals (shaded blue), and the fitted density (red). Moreover, 151 a thin black vertical line indicates a local minimum, which serves for separating the 152 probability masses attributed to each mode. In the case of A. mississippiensis (panel 153 B), only one mode is present. Note that the confidence interval is strongly skewed, 154 which results from the skewed empirical distribution used for the parametric bootstrap. 155 For A. mylitta, one can observe that one of the two modes is assigned less than ten 156 percent of probability mass, indicated by the dashed vertical line for the left mode in 
Results
191
The test of Silverman [40] Figure 4 shows.
231
Interpretation In conclusion, while conventional methods can perform well in many 232 cases, they will also often fail to produce biologically interpretable results. For the 603 233 species from dbEST, the information criteria mentioned above as well as the test of 234 Silverman fall short for approximately 60% of the data in this regard. In contrast, Notos 235 performed well with all tested data sets. After having firmly established that Notos 236 provides robust descriptions of mode locations and mode numbers, we attempted to 237 establish a link between these parameters. As outlined above, a CpG o/e ratio around 1 238 is assumed to occur in non-methylated sequences and a ratio below 1 in methylated 239 sequences. Consequently, if both situations are detected, both types of sequences 240 co-exist in the studies sequence population. Based on comparison of Notos results with 241 available literature data on DNA methylation, we tentatively assigned a threshold value 242 of 0.85 to differentiate presumably methylated (<0.85) from presumably non-methylated 243 (≥0.85) sequences. This is slightly higher than the 0.6, conventionally used e.g. for the 244 detection of generally unmethylated CpG islands [25] . Further, more detailed analyses 245 will be necessary to define parameters more precisely and to achieve a more detailed 246 characterization of CpG o/e types and corresponding DNA methylation types. 247 
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Case studies To illustrate the use of Notos in two CpN contexts, we will present in 248 the following results for the classical model species Neurospora crassa. N. crassa is a 249 mold that belongs to the ascomycota. DNA methylation in this species is well described: 250 only repetitive sequences such as relicts of transposons but not protein coding genes are 251 methylated [39] . Methylation in these regions is associated with a genome defence 252 system called repeat-induced point mutations (RIP) (reviewed in [38] ). This system 253 targets specifically CpA dinucleotides [11] where C is converted into T. CpA depletion 254 is considered as a sign of RIP in other fungal species as well [13] . We therefore DNA methylation is a conserved feature of many genomes. Since it remains neutral in 270 its protein coding potential its use for adding additional epigenetic information to the 271 DNA has been evolutionary stable. Nevertheless, the type of encoded information and 272 consequently the type of DNA methylation can vary considerably, and many species 273 have no or very little DNA methylation. It is thus of great practical value to be able to 274 propose a well-founded hypotheses or at least educated guess about the type of 275 methylation in a biological model before choosing an experimental strategy to study it 276 in more detail. Notos was generated to produce such testable hypothesis.
277
Technical alternatives It could be argued that other wet-bench based methods 278 deliver comparable results about the presence and the type of methylation. It is for 279 instance straightforward to digest DNA with methylation sensitive restriction enzymes 280 [31] and to separate the resulting fragments by electrophoration. A digestion smear 281 would indicate absence of methylation. But this requires producing sufficient amounts 282 of high-quality DNA, which is not always possible (e.g. protected or rare species, 283 degraded DNA, samples that are difficult to obtain). Digestion is also difficult to 284 quantify. Extensions of the digestion method are methylation sensitive amplified length 285 polymorphism (MS-AFLP) [53] , reduced-restriction bisulfite sequencing (RRBS) [33] or 286 reference-free reduced representation bisulfite sequencing (epiGBS) [47] . These methods 287 are very powerful and can be used with or without a reference genome (that is not 288 necessarily available for non-model species). A caveat of RRBS is however that it was 289 designed for the methylation type of vertebrates that typically possess methylation free 290 CpG islands. It might not work well with other methylation types. Similarly to the 291 simple digestion method, all these methods need physical access to high quality DNA 292 and require already considerable investment (currently from several hundreds to 293 thousands of euros). The same applies for more exhaustive and more expensive affinity 294 based methods (such as MeDIP) [50] or whole genome bisulfite sequencing (WGBS) [29] . 295 In many cases, a biochemical analysis of DNA methylation will hence be difficult and 296 8/24 would require time and labor-intensive acquisition of DNA as well as investment in 297 optimization of the analysis. Especially researchers with little biomolecular knowledge 298 will hesitate to engage in investigations on DNA methylation even though they possess 299 a perfect expertise about their species of interest and epigenetic insights would present 300 advancements to them. These technical difficulties have led to a distortion in the 301 available methylation information. A review of the available data in databases and in 302 the literature showed that at least 300 methylomes are available for Human, mouse and 303 the model plant Arabidopsis thaliana but only 63 for a total of 16 other species 304 [3, 15, 30, 55, 23, 17, 9, 24, 22, 52, 51, 16, 49, 35, 1, 44, 43, 34, 14] . distribution. This approach is at least questionable for two reasons. Firstly, model 309 selection should be carried out taking a large number of possible models into account, 310 and not just two (conveniently) selected alternatives. In our setting, it seems natural to 311 consider models with more than two components as well, since the restriction to one or 312 two components seems hard to justify from a biological perspective. This leads, however, 313 to solutions that are (very) difficult to interpret. Secondly, models with two components 314 may describe entirely different phenomena: on the one hand, the second component 315 may result from a well-developed second mode. On the other hand, the second 316 component may just result from minor deviations from normality, such as skewness or 317 excess kurtosis. The latter behavior of both criteria results from the tendency to 318 provide a good fit of the estimated density to the empirical data and put less emphasis 319 on the clustering aspect, a fact investigated in more detail, e.g., by Baudry et al. [2] . 320 Other approaches investigated Investigating confidence intervals and their 321 properties (width, overlap) may provide additional insight, but requires a case-by case 322 investigation which may then lead to subjective conclusions. We also tried to find a 323 better balance between mode (or component) identification and non-normality by fitting 324 mixtures of non-Gaussian distributions, e.g., via a GAMLSS-based approach [41] . This 325 turned out to be an approach most likely suitable for in-depth analysis of a limited 326 number of data sets. However, automatized treatment of a high number of data sets is 327 problematic, mainly due to computational difficulties requiring manual intervention. Notos allows for robust description of CpN o/e distributions and mode detection. In the 330 future, it seems advisable to also take other aspects into account, for example skewness 331 and kurtosis, but also simple location measures such as the location of or distance 332 between several modes. On the long run, DNA methylation patterns should also be 333 investigated on sequence-level, since the reduction to a CpN o/e ratio comes along with 334 a loss of information, such as location of the (non-)methylated regions. Such an 335 approach would, nevertheless, require the development of suitable models, and their 336 estimation would be by far more computationally intensive than the procedures carried 337 out by Notos. We anticipate that already the availability of Notos will make it possible 338 to calibrate the CpN o/e distributions with existing experimental data so that precise Core procedure Preparatory procedure The data preparation step of Notos carried out for 603 species from dbEST provides the 387 tab-separated file 'outliers cutoff.csv'. In the following we provide brief explanation on 388 the content of the columns of this file. Future improvements of Notos may lead to 389 changes, hence consult the the readme section of the galaxy interface. The density estimation step of Notos carried out for 603 species from dbEST provides 414 the tab-separated file 'modes basic stats.csv'. In the following we provide brief 415 explanation on the content of the columns of this file. We are hereby using the following 416 notation: σ -standard deviation, µ -mean, ν -median, Mo -mode, Q i -the i-th 
